ABSTRACT: The immediate early 1 (ie-1) gene is essential for DNA replication of nucleopolyhedrosis virus. Here, the gene ie-1 from nucleopolyhedrovirus (Nanglai-BmNPV) infecting a local silkworm (Bombyx mori), Nanglai strain, was cloned and sequenced. The gene contained a 1755 bp open reading frame encoding a deduced protein of 584 amino acids, molecular weight 66.9 kDa, and isoelectric point 5.79. The nucleotide and amino acid sequences of Nanglai-BmNPV ie-1 gene showed, respectively, 98 and 97% identity to those of the BmNPV ie-1 genes. The identity of the Nanglai-BmNPV IE-1 deduced amino acid sequence with IE-1 protein sequences of other 37 known Lepidopteran NPVs varied from 20% up to 97%. The phylogenic tree established with the IE-1 protein sequences of the Lepidopteran NPVs showed similar topology to those previously reported using highly conserved genes. Interestingly, the tree obtained with IE-1 clearly shows that the Lepidopteran NPVs group II clade can be subdivided into three subgroups.
INTRODUCTION
Bombyx mori nucleopolyhedrovirus (BmNPV) is the most devastating pathogen causing grasserie, the worst silkworm deleterious disease. BmNPV is a member of the genus Nucleopolyhedrovirus (NPV), family Baculoviridae. The NPVs of this family have been reported to be pathogens infecting over 600 species of arthropods, particularly insects of the order Lepidoptera 1 . The genomes of 37 Lepidopteran NPVs including BmNPV 2 have been sequenced completely and are available in the NCBI database. The Lepidopteran NPVs were first separated into group I and group II, based on the polyhedrine gene 3 . Such division into two groups has been supported by phylogenetic analysis based on other genes [4] [5] [6] [7] . In the infection cycle, NPVs produce two viral types, budded virus (BV) and occlusion-derived virus or occluded virus (ODV) for effective viral propagation. The BVs are produced in the nucleus of infected cells and are released to infect neighbouring cells within an infected insect. In the last phase of infection, the viruses are encapsulated in a protein envelope becoming ODVs, which are released to the environment and transmitted to other insects via oral infection 8 . Genes involved in the proliferation of NPVs are divided into three classes, early (immediateearly and delayed early), late, and very late genes, based on their expression time after virus infection. These genes are expressed coordinately in a sequential order 9, 10 . In the early phase of viral infection, the early genes are expressed in cascade since they are required for viral DNA replication and regulation of gene expression. The late genes are expressed after 6-8 h postinfection and required for the BV production, whereas the very late genes required to produce ODV are expressed beyond 12 h postinfection 11 . The immediate early-1 (ie-1) gene is one of the seven essential genes required for viral DNA replication 9, [12] [13] [14] . The gene is expressed immediately after viral infection and its product, IE-1, functions as a regulatory protein for the transcription of other genes [15] [16] [17] [18] . Thus the ie-1 gene may be a key gene in the regulation of the viral gene expression cascade. In this study, the ie-1 gene of nucleopolyhedrovirus infecting a Thai silkworm, Nanglai, was identified and compared with all known NPV ie-1 genes of Lepidopteran NPVs available in the database. Since BmNPV causes dramatic loss in Thai silk industry, the information about the Nanglai-BmNPV ie-1 gene may be useful in suppressing of NPV proliferation and eventually eliminating the most serious silkworm disease, grasserie. In addition, the phylogenetic relationship of Lepidopteran NPVs based on the deduced amino acid sequences of the IE-1 are analysed and discussed.
MATERIALS AND METHODS

NPVs purification and DNA extraction
BmNPVs were purified from infected larvae of a Thai silkworm, Nanglai, collected from a farm in Srisaket province, Thailand. Genomic DNA of Nanglai-BmNPV was extracted by a method modified from that reported in Chaeychomsri 19 . Briefly, the polyhedral inclusion bodies were extracted from the haemolymph of infected larvae using a refrigerated ultracentrifuge. The alkaline solution (0.2 M Na 2 CO 3 , 0.5 M EDTA, and 0.34 M NaCl) was added at the ratio of 1:1 and incubated for 30 min on ice prior to clear solution collection by centrifugation at 14 000g for 1 min. Then, 500 µl of 2% SDS, 10 µl of Proteinase K (10 mg/ml), and 8 µl of RNaseA (10 mg/ml) were added to 500 µl of the clear solution. The mixture was incubated at 37°C for 1 h and then centrifuged at 14 000g for 5 min. The supernatant was collected for extraction of the viral genomic DNA by using the phenol/chloroform method. The DNA pellet was dissolved in TE buffer and kept at −20°C.
Cloning and sequencing
Two sets of primers were designed using the sequence of BmNPV T3 (NC 001962) available in the NCBI database. Primer set 1 was F: 5 -AGCGGGTGGCG-GCTCG-3 and R: 5 -CACATTGCTCACGTAATT-GGC-3 yielding the 1454 bp PCR product and primer set 2 was F: 5 -ATGTCCGAGACTGGTTATTAC-3 and R: 5 -GCTAACGATTCGCCCCTACT-3 giving the 1624 bp PCR product. PCR conditions were as follows: preheated at 94°C for 5 min, followed by 35 cycles of denaturing at 95°C for 1 min, annealing at 64°C for 1 min and extending at 72°C for 3 min. PCR products were detected by 1% agarose gel. The products were cloned into pGEM-T Easy and then sent to Macrogen, Korea, for sequencing.
Sequence alignment and phylogenetic analysis
The sequences obtained from the two PCR products were assembled. Both the nucleotide and the deduced amino acid sequences of Nanglai-BmNPV ie-1 gene were then aligned with those of 37 other known Lepidopteran NPVs whose genomes have been completely sequenced, using the CLUSTALW version 1.81. Phylogenetic trees based on IE-1 protein sequences were constructed using neighbour joining and maximal parsimony methods, P distance model, MEGA version 4.0 20 . The reliability of clusters within the tree was evaluated based on 1000 bootstrap replications.
RESULTS AND DISCUSSION
Nucleotide and deduced amino acid sequence
The combined PCR fragment obtained in this study was 2942 bp long and covered the whole region of ie-1 gene, the upstream flanking genes, open reading frame (ORF) 122, and a part of the downstream flanking gene, odv-e 56. The ORF of Nanglai-BmNPV ie-1 gene comprised 1755 nucleotides encoding a deduced protein of 584 amino acids (Fig. 1) . The expected molecular weight of the protein was 66.9 kD, as calculated by the pI/MW tool of Expasy web (http://www. expasy.ch/tools/pi-tool.html). The Nanglai-BmNPV ie-1 ORF sequence was rich in AT, with 63.2% AT and 36.8% GC. The transcription start site (+1) 21 was located 50 bp upstream of the translation initiation codon, ATG. The termination codon, TAA, was located at the position +1802 to +1804 followed by a 3 untranslated region containing a putative polyadenylation site (AATAAA) at the position +2006 to +2011 (Fig. 1) .
The nucleotide and deduced amino acid sequences of Nanglai-BmNPV ie-1 were compared with those of two NPVs infecting Bombyx mori, Bm-NPV T3 2 and BmNPV K1 22 , available in the NCBI database using CLUSTALW. Both BmNPV T3 and BmNPV K1 were infected silkworms of bivoltine race, while Nanglai-BmNPV infected silkworms of polyvoltine race. The ie-1 ORFs and IE-1 proteins of these three NPVs were of equal length, 1755 bp and 584 amino acid residues.
The identity of nucleotide and amino acid sequences of Nanglai-BmNPV ie-1 gene to those of BmNPV T3 and BmNPV K1 were 98% and 97%, respectively. The ie-1 ORF of Nanglai-BmNPV differed from that of the BmNPV T3 at 26 positions: transition substitution type occurred at 19 positions, with 12 G ← − → C and 7 T ← − → C, while the transversion substitution type occurred at 7 positions. The deduced amino acid sequence of Nanglai-BmNPV IE-1 and that of BmNPV T3 differed at 12 positions. When compared with BmNPV K1 ie-1 gene, the nucleotide sequence of Nanglai-BmNPV ie-1 showed 31 posi-
TTGTTGATGCGGGGTGTTGCATAATAACAATGGGAGTTGGTGCGCCACCGCTTCCTCCTC +1970 CTCCTCCTCCTCCTTTTGTCATGTATCTGTAGATAAAATAAAGTATTAAACCTAAAAACA +2030 Fig. 1 Nucleotide sequence, deduced amino acid, and the 5 noncoding sequences of Nanglai-BmNPV ie-1 gene. The numbers with a plus sign indicate the nucleotide position from the transcription initiation site (+1). The amino acid sequence is numbered sequentially from the first amino acid, the methionine. In the 5 noncoding region, the ecdyson response element is bolded and in italics, the CAAT-like motif is in italics and double underlined, the putative TATA box is double underlined, the early promoter is underlined and the DAR sequence is underlined and in italics. The polyadenylation signal sites are underlined.
tions of nucleotide substitution, 23 of which were transition substitution type (15 G ← − → A, and 8 C ← − → T), and the remaining 8 substitutions were transversion type. Differences between IE-1 sequences of NanglaiBmNPV and BmNPV K1 were found at 15 positions.
The nucleotide substitutions often occurred in the 5 region of the ie-1 nucleotide sequence, which corresponds to the N-terminal of the amino acid sequence. The Nanglai-BmNPV IE-1 deduced amino acid sequence was further aligned with other 37 deduced IE-1 protein sequences of NPVs whose genomes have been completely sequenced and are available in the NCBI database using CLUSTALW 1.81. The result showed that the identity of Nanglai-BmNPV IE-1 to the 37 IE-1 proteins ranged from 20% up to 97%. The highly variable identity among IE-1 proteins indicated that Nanglai-BmNPV ie-1 gene is a poorly conserved gene.
Analysis of 5 noncoding sequence
The 5 noncoding region of Nanglai-BmNPV ie-1 gene was searched for conserved regions within 300 bp upstream from the translation start site (ATG).
Five conserved sequences were found in this region. They were a downstream activating region (DAR, TGACATTGGCGGCG), the tetranucleotide, CAGT, motif, a TATA (TATAAA) element, a putative CAAT box (GCATAAT), and an ecdysone response element (GTGTTATCGACCT). The CAGT motif functioning as an early promoter was located at the position −1 to +3 of 51 bp upstream of the translation start site, ATG. The TATA element was located at the position −26 to −31, 31 bp upstream of the transcription start site (+1). The location of the DAR was at position +11 to +24 and 10 bp downstream of the transcription start site. The CAAT box was found at position −70 to −76, whereas the ecdysone response element was located at −208 to −220 (Fig. 1) . The 300 bp 5 noncoding sequence upstream of the Nanglai-BmNPV ie-1 translation start site (ATG) was compared with other 37 Lepidopteran NPVs available from the NCBI database (Table 1 ). The result showed that the ie-1 genes from 7 NPVs, namely AcNPV, BmaNPV, BmNPV T3, Nanglai-BmNPV, MvMNPV, PxMNPV, and RoMPNV, contained the five conserved identical sequences in their 5 noncoding regions. Interestingly, the distance between the TATA element and CAGT motif and between the CAGT motif and the translation start site (ATG) in these seven NPVs were 31 bp and 51 bp, respectively, in all 7 ie-1 promoters. The locations of DAR sequence in these 7 promoters were at nucleotide +11 to +24 as previously reported 23 . The TATA element and CAGT motif are often found in the promoter region of immediately early genes of baculovirus 2, 24, 25 . It has been suggested that the CAGT motif plays an important role as an initiator element for the regulation of ie-1 transcription since substitution of a single nucleotide in the CAGT motif reduces the ie-1 RNA level 25 . However, it is still unknown how the CAGT motif regulates the transcription of baculovirus genes 26 . Of 37 ie-1 genes, 3 from AhNPV, AoNPV, and EoNPV, had neither TATA nor CAGT motif in their 5 noncoding regions. It has been suggested that the transcription of the ie-1 gene having no early promoter might be regulated by a distal promoter 27 . Moreover, the early promoters of HaSNPV, HaSNPVNNgI, HaSNPV-G4, and HzSNPV, contained TATA sequences and CATT motifs instead of CAGT motifs 25 . Excluding the above 7 NPVs, the remaining 31 NPVs did not contain identical sequences to the DAR and the ecdysone response element of NanglaiBmNPV. In AcNPV, the DAR functioned as a stimulator of ie-1 transcription increasing 10-fold the ie-1 RNA level during infection. However, ie-1 is not transcribed if both CAGT motif and DAR sequences are simultaneously deleted 23 . The ecdysone response element in the promoter of BmNPV ie-1 gene was identified by a series of truncated ie-1 promoters in BmN cells. It has been suggested that the activity of ie-1 regulated by ecdysone might resist viral replication 28 . Ecdysone is a molting hormone in insects. The molting of an insect infected with NPV would be obstructed by the function of the viral gene, ecdysteroid UDP-glucosyltransferase (egt). The egt gene encodes enzyme EGT catalyses the inactivation of ecdysone hormones of a host insect, resulting in an extension of the larval period, since molting and pupation require ecdysones 29 . The extension of infected larval period provides more multiplication time resulting in an increased viral number. In addition, in infected insects, the inactive ecdysone may not bind the ecdysone response element of ie-1 promoter so the activity of ie-1 to promote viral replication may also be inhibited.
Phylogenetic analysis of group I
Phylogenetic tree of Lepidopteran NPVs was constructed with the deduced IE-1 amino acid sequences from Nanglai-BmNPV and with 37 NPVs available from the NCBI database using the neighbour-joining (NJ) and maximal parsimony (MP) methods, P distance model, MEGA version 4 20 . The IE-1 (ORF9) of Xestia c-nigrum granulovirus (XcnGV, NP 059157.1) was used as an outgroup. The trees obtained from both methods had very similar topologies. However, the bootstrap values of the NJ tree were higher than those of the MP tree in all branches (Fig. 2) . Both trees clearly showed that Lepidopteran NPVs were divided into two major clades, group I clade and group II clade, consistent with all previous reports. Group I clade was also separated into two subclades, clade I-A and clade I-B. As expected, the trees grouped NanglaiBmNPV into clade I-A (Fig. 2) . The members of clade I-A were 7 NPVs, namely Nanglai-BmNPV, BmNPV, BmaNPV, RoMNPV, PxMNPV, AcMNPV, and MvMNPV. The Nanglai-BmNPV was closely related to the two NPVs infecting Bombyx spp., BmNPV and BmaNPV. In clade I-B, seven NPVs, CfDEFM-NPV, AgMNPV, EppoMNPV, OpMNPV, CfMNPV, HycNPV, and AnpeNPV were clustered together. However, the topologies of NJ tree ( Fig. 2A) and MP tree (Fig. 2B) were slightly different. Like most previously reported trees, the IE-1 tree topology placed AcMNPV within group I-A. In contrast, the tree topology generated by the polyhedron (polh) gene placed AcMNPV in group II and it was suggested that the polh gene of AcMNPV might have recombined with that of a virus in group II [30] [31] [32] . The Lepidopteran NPVs were separated into two groups, group I and II, based on the conserved gene, polyhedron, which encoded the major occlusion body protein required for producing viral progeny 3, 5 . Later, the phylogenetics of NPVs were generated with other conserved genes, for example lef-2 33 , lef-8, lef-9 34, 35 , and ecdysteroid UBP-glycosyl transferase (egt) 4 . Recently, many phylogenetics of NPVs have been established by means of the combination of several conserved gene sequences and whole genome sequences 7, 36, 37 . These phylogenetic trees were suggested to be more acceptable than those constructed by a single gene. However, the tree constructed by a single gene had been used for quick identification 34 . In this work, even though ie-1 gene was poorly conserved, the pattern of the tree topology derived from IE-1 amino acid sequences agreed with those of other tree topologies based on single highly conserved genes, the combination of highly conserved genes, and complete genome sequences.
Interestingly, the 5 noncoding sequences of the ie-1 genes from group I-A NPVs were highly conserved: all of them contained the TATA element, CAGT motif, CAAT-like motif, DAR region, and ecdysone response sequence. Moreover, the interval distances between the TATA element and CAGT motif (31 bp long) and between the CAGT motif and the translation start site, ATG, (51 bp long) were identical. Therefore, the tree topology generated using the 5 noncoding sequence (300 bp upstream of ATG), showed that the Lepidopteran NPVs group I was divided into two subclades, A and B (data not shown). Moreover, the result of group I NPV IE-1 sequence alignment showed that the IE-1 sequences of the three NPVs, BmaNPV, BmNPV, and Nanglai-BmNPV, infecting Bombyx spp. insects, contained unique amino acids at 12 positions differing from those present in the other NPVs (Fig. 3) . Eight of these 12 conserved amino acids were located in the N-terminal part of the IE-1 protein. The N-terminal region of the IE-1 protein contains an acidic domain that is essential for the viral transactivational activity [37] [38] [39] [40] . The remaining 4 unique amino acid positions were located in the C-terminal region of IE-1. The C-terminal region contains a domain required for inhibitory and DNAbinding activities 37 . Only one of these 4 unique amino acid positions was in a putative single-stranded-DNAbinding motif that may be involved in DNA binding 12 . It is likely that the 12 unique amino acid positions of IE-1 proteins from Bombyx spp. NPVs may provide these NPVs with the specific ability to infect only Bombyx spp. insects.
Phylogenetic analysis of group II
The remaining 24 NPVs were grouped into group II clade. In most previous reports, the division of NPV group I into two subgroups was quite clear, but the taxon of NPVs within group II was inconsistent. Even if a number of complete genome sequences available to date were used to construct a phylogenetic tree, the division within group II was not well defined. It was suggested that the relationship of NPVs within group II was more diverse than that of group I clade 6, 41 . In this study, trees based on IE-1 sequences from the 24 NPVs of group II clade were generated using the NJ and MP methods. Both methods established trees with very similar topology (Fig. 4) . In both trees, three clear subclades within the group II clade were derived from a monophyletic origin. The names of the three subclades, designated A, B, and C, were given following the previous report in which the tree was constructed with the DNA polymerase amino acid sequences of 17 NPVs 5 . Of the 17 NPVs, only 7
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MIRTSSHVLNVQENIMTSNCASSPYSCEATSACAEAQQLQVDTGGDKIVNNQVTMTQINF 60 NPVs had IE-1 sequences available on the database and were used in this study. In the previous report, of the 7 NPVs, SeMNPV and SfMNPV were in subgroup II-A; SlNPV, HaSNPV, and HzSNPV were in subgroup II-B; and EoNPV was in subgroup II-C. LydMNPV was not grouped into any of the three subgroups. In this study, subclade II-A was composed of 10 NPVs, namely McNPV-A, McNPV-B, HaMNPV, TnSNPV, CcNPV, AgseNPV, AgipMNPV, SfMNPV, SlNPV II, and SeMNPV. Subclade II-B contained 6 NPVs, HaSNPV, HaSNPV-NNg1, HaSNPV-G4, HzS-NPV, SlNPV, and LesNPV. The last one, subclade II-C, consisted of 8 NPVs, OlNPV, EoNPV, EupsNPV, CbNPV, LyxMNPV, LydMNPV, AoNPV, and AhNPV. The reliability of these subclades within the group II clade was supported by 1000 bootstrap resampling value. In the NJ tree, the bootstrap value at the root node of the three subclades was low, only 50%. However, the bootstrap gave strong support to the existence of subclade II-A (79%) and II-B (76%), while subclade II-C was weakly supported by the bootstrap value (42%). The outcome of the MP tree agreed with that of the NJ tree, even though the bootstrap values supporting the existence of the three subclades within group II clade NPVs were lower than those of the NJ tree. For example, the existence of subclade II-A and II-B in the MP tree was supported by 57% and 76% bootstrap values, respectively, while subclade II-C was supported by a low bootstrap value. Nevertheless, in both trees, the members within each subclade were identical. The difference between the NJ tree and the MP tree was the position of CbNPV. In the NJ tree, CbNPV was a sister group of OlNPV, EoNPV, and EupsNPV confirmed by 71% bootstrap value (Fig. 4) , whereas in the MP tree, CbNPV was a sister group of LyxMNPV, LydMNPV, AoNPV, and AhNPV with a very low bootstrap value (Fig. 4B) . In this study, the identity percentages of IE-1 sequences were determined by pairwise comparisons. The identity percentages obtained from alignment of 38 Lepidopteran NPV IE-1 deduced amino acid sequences were used to calculate the average identity percentages of each subclade and between subclades, by CLUSTALW (Table 2) . From Table 2 , the average identity of IE-1 sequences within subclade I-A was the highest, 93%, whereas the lowest average Fig. 4 Phylogenetic trees present three subclades, A, B, and C, within Lepidopteran NPV group II clade based on the deduced amino acid sequence of IE-1 proteins generated by (a) neighbour joining and (b) maximal parsimony methods. Bootstrap values (1000 replications) lower than 40% were not indicated at the nodes. Xestia c-nigrum granulovirus (XcnGV, NP 059157.1) was used as an out group. identity, 33%, was found in subclade II-C. Thus the IE-1 sequences belonging to NPVs within clade I-A were less divergent than those of other subclades. Low identity percentages were obtained in pairwise comparisons between subclades (Table 2) . These results showed clear divergence of the IE-1 sequences between any subclade of group I and group II, and between subclades within group II. Even though IE-1 sequence has diverged more in Lepidopteran NPVs compared to other genes, the amino acid sequence consistently identified the taxons within Lepidopteran NPVs, particularly within the group II clade.
